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a  b  s  t  r  a  c  t

Preparation  of visible-light  responsive  TiO2 photocatalyst  for  recycling  and  repeated  use  is  of  great  impor-
tance in  practical  application,  such  as  water  purification.  In this  paper,  anatase  TiO2 hollow  microspheres
were  prepared  using  Ti(SO4)2 and  NH4F  as  the  starting  materials,  which  were  then  mixed  with  cysteine,
a  biomolecule,  followed  by calcination  at 300 ◦C for  2 h.  The  cysteine  modified  TiO2 hollow  microspheres
were  characterized  by X-ray  diffraction,  scanning  electron  microscopy,  transmission  electron  microscopy,
nitrogen  adsorption–desorption  isotherms,  UV–vis  diffuse  reflectance  spectra,  X-ray  photoelectron  spec-
troscopy,  photoluminescence  and  photocurrent.  The  photocatalytic  activity  of  cysteine  modified  TiO2

hollow  microspheres  was  evaluated  using  Brilliant  Red  X3B,  an  anionic  azo  dye,  as  the  target  organic
molecule  under  visible  light  irradiation  (� ≥ 400  nm).  The  experimental  results  showed  that  C, N  and  S
elements  were  doped  into  the  lattices  of  TiO2 hollow  microspheres,  resulting  in  an  obvious  increase  in
visible-light  harvesting  ability.  With  increase  in the  molar  ratio of cysteine  to titania  (R)  from  0  to  2.0,  the
hotocatalysis visible-light  photocatalytic  activity  of  the  samples  increase  first,  and  then  decrease.  The  photocatalyst
with  R =  1.0  shows  the  highest  photocatalytic  activity,  which  is 6  and  4 times  higher  than  that  of  pristine
TiO2 counterpart  and  commercial  P25  photocatalyst,  respectively.  The  enhanced  photocatalytic  activity
of cysteine  modified  TiO2 hollow  microspheres  is attributed  to  the  synergistic  effects  of  improved  visible-
light harvesting  ability,  enhanced  adsorption  to  organic  pollutant  and  increased  efficiency  in  separation
of  the  photo-generated  electron  and  hole.
. Introduction

In recent years, anatase TiO2 hollow nanostructures have
eceived considerable attention due to their high surface-to-
olume ratios, lower density, better permeation and wide potential
pplications in solar energy conversion and environmental purifi-
ation such as water disinfection, hazardous waste remediation
nd air purification [1–7]. Up to now, most of the approaches for
ollow structures rely on the use of sacrificial templates (either
ard or soft). One-pot template-free methods for hollow struc-
ures was also developed based on direct solid evacuation with

stwald ripening and the Kirkendall effect [8].  Recently, hollow
natase-phase TiO2 microspheres with mesoporous shells were
abricated on a large scale by fluoride-induced self transformation
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[9].  Compared with that of nanoparticles, the photocatalytic activ-
ity of anatase TiO2 hollow microspheres was enhanced, possibly
due to multiple reflections of UV light within the sphere interior
voids [10]. Anatase TiO2 hollow microspheres have the advantage
of recycling and repeated use [11,12].  They, however, can still only
be activated by UV light (band gap 3.2 eV). Therefore, visible-light-
driven anatase TiO2 hollow microspheres are highly desired.

Doping TiO2 with metal or nonmetal atoms is an effective way
to convert the TiO2 absorption from the ultraviolet to the visible
region [13–15].  Our previous study showed that compared with
Bi doped TiO2 nanoparticles, Bi, C and N co-doped TiO2 nanopar-
ticles showed higher photoreactivity whatever under visible or
UV light irradiation, reflecting the synergistic effect of different
dopant on the enhanced photocatalytic activity of TiO2 [14]. Yu
et al. found that the band gap of N,S-codoped TiO2 powders were
narrowed by mixing the N 2p and S 3p states with O 2p states [16].
Among nonmetal dopants, C [17–19],  N [4,20–25] and S [16,26]

are the most efficient. But it is challenging yet desirable to incor-
porate dopants into anatase TiO2 hollow microspheres, especially
for these prepared by fluoride induced self-transformation. This is
because anatase TiO2 hollow microspheres usually have very high

dx.doi.org/10.1016/j.molcata.2011.12.028
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:lvkangle@mail.scuec.edu.cn
dx.doi.org/10.1016/j.molcata.2011.12.028
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Table 1
Characterization results and the adsorption of X3B.

Catalyst Phase contenta Crystalline sizeb (nm) Surface areac (m2/g) Pore volumed (cm3/g) Average pore size (nm) nad
e (�mol/g)

R0 A 16.6 45.1 0.22 18.1 15.9
R0.5 A 15.3  46.1 0.21 16.3 29.9
R0.75 A 14.9 47.0 0.21 15.3 38.6
R1.0  A 15.1 53.4 0.17 13.0 40.9
R1.5  A 14.1 66.2 0.18 11.2 60.1
R2.0  A 13.7 78.1 0.18 9.2 73.7
P25  A:R = 8:2 24.5 45.0 0.15 13.6 19.7

a A and R denote anatase and rutile, respectively.
b Average anatase crystalline size of TiO2 was  determined by XRD using Scherrer equation.
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c The BET surface area was determined by a multipoint BET method using the ad
d Pore volume and average pore size were determined by nitrogen adsorption vo
e nad was  the amount of dye adsorbed before irradiation.

rystallinity, making it hard or nearly impossible to incorporate
opants into them by mild post-treatment, while the addition of
opant precursors in the reaction medium may  inevitably influence
he nucleation and growth of anatase TiO2 hollow microspheres so
hat no desirable visible-light-driven anatase TiO2 hollow micro-
pheres were synthesized.

In this paper, visible-light-driven C, N and S tri-doped
iO2 hollow microspheres were prepared using l-cysteine
HS CH(NH2) COOH, CAS No. 52-90-4), a biomolecule, as modi-
ed reagent. The aim of the paper is to study the synergistic effect
f different nonmetal co-doping on the photocatalytic activity of
iO2 hollow microspheres by cysteine modification. It is proposed
hat the optical properties and therefore the photocatalytic activity
f TiO2 can be further tailored by doping C, N and S elements at the
ame time when compared with by doping with only one or two
lements. To the best of our knowledge, it is the first example to
eport the visible-light-driven anatase TiO2 hollow microspheres
y doping three nonmetal elements at the same time using a
iomolecule as modified reagent. Compared with the method of
oping TiO2 through hydrothermal reaction [18], this method is
ore simple, cost-effective, and environmental friendly. The dra-
atic enhancement in photocatalytic activity under visible light
ere explained on the basis of the synergetic effects of promoted

isible light harvesting ability, enhanced adsorption of the dye and
mproved efficiency on separation of photo-generated carriers.

. Experimental

.1. Preparation

Hollow TiO2 microspheres were prepared by fluoride-induced
elf transformation [9,11].  Briefly, 1.2 g of Ti(SO4)2 (5.0 mmol) and
.185 g of NH4F (5.0 mmol) were dissolved in 75 mL  doubly dis-
illed water under vigorous magnetic stirring. Then, 0.6 g of urea
10.0 mmol) was added. The resulted transparent solution was
ransferred to a 100-mL Teflon-lined autoclave. The autoclave was
ealed and kept at 200 ◦C for 24 h. After being cooled to room tem-
erature, the white precipitates were filtrated through a membrane
lter (pore size, 0.45 �m),  and thoroughly rinsed with distilled
ater until the pH of the filtrate is about 7. The precipitates were

hen dried in a vacuum oven at 80 ◦C for 10 h.
The typical preparation of visible-light-driven cysteine modi-

ed TiO2 hollow microspheres was as follows: Firstly, 0.2 g of the
s-prepared anatase TiO2 hollow microspheres was  added into a
eaker which contained 5 mL  of l-cysteine (Shanghai Chemical Inc.)
olution. After an ultrasonic bath for 10 min  to make cysteine totally

isperse, the mixed solution was dried in oven at 80 ◦C. Secondly,
he dried opaque powder was ground and calcined at 300 ◦C for 2 h
n a furnace. According to this method, different mass ratio of cys-
eine to titanium (R) photocatalysts from 0 to 2.0 were synthesized.
on data in P/P0 range from 0.05 to 0.25.
at P/P0 = 0.994.

For simplification, the prepared TiO2 samples are denoted as R. R0
refers to the undoped pristine TiO2 sample (Table 1).

2.2. Characterization

The X-ray diffraction (XRD) patterns obtained on a D8- advance
X-ray diffractometer (German Bruker) using Cu Ka radiation at a
scan rate of 0.02◦ 2� s−1 were used to determine the crystalline
size and identity. The accelerated voltage and applied current were
15 kV and 20 mA,  respectively. The average crystalline size of the
catalyst was determined according to the Scherrer equation using
full width at half maximum (FWHM) data after correcting for the
instrumental broadening. The transmission electron microscopy
(TEM) images were obtained by Tecnai G20 transmission elec-
tron microscope operated at an accelerating voltage of 200 kV, and
the scanning electron microscopy (SEM) images were obtained
by a field emission scanning electron microscope (Hitach, Japan)
with an acceleration voltage of 5 kV. The BET surface area (SBET)
of the powders was  analyzed by using nitrogen adsorption in a
nitrogen-adsorption apparatus (Micromeritics ASAP 2020, USA).
All the samples were degassed at 180 ◦C prior to the nitrogen-
adsorption measurements. UV–vis diffuse reflectance spectroscopy
(DRS) was carried out on a Hitachi U-3010 UV–vis spectrophotome-
ter. BaSO4 was  the reference sample. UV–visible absorbance spectra
were obtained for the dry-pressed disk samples with a UV–Visible
spectrophotometer (UV-2550, Shimadzu, Japan). BaSO4 was used
as a reflectance standard in a UV–visible diffuse reflectance experi-
ment. X-ray photoelectron spectroscopy (XPS) measurements were
performed with a Multilab 2000 XPS system with a monochromatic
Mg Ka source and a charge neutralizer. All of the binding energies
were referenced to the C 1s peak at 284.4 eV of the surface adven-
titious carbon. Photoluminescence (PL) spectra were measured at
room temperature on a Fluorescence Spectrophotometer (F-7000,
Hitachi, Japan). The excitation wavelength was 315 nm,  the scan-
ning speed was  1200 nm/min, and the PMT  voltage was 700 V. The
width of excitation slit and emission slit were both 5.0 nm.

2.3. Photocatalytic degradation

A 300 W Xe arc lamp, which produces light spectra similar to
that of solar radiation, equipped with an ultraviolet cutoff filter
to provide visible light with � ≥ 400 nm served as the visible light
source. Reactive Brilliant Red X3B (X3B, Fig. 1) [27], an anionic
organic dye, was used as the target organic pollutant. During the
photocatalytic reaction, the reactor was maintained at room tem-
perature through a water recycle system, and was  mechanically
stirred at a constant rate. The concentration of TiO2 was  1.0 g/L,

and the initial concentration of X3B was 1.0 × 10−4 mol/L. Before
irradiation, the solution was sonicated first for 5 min, and then
the solution was continuously stirred for about 1 h to ensure the
establishment of an adsorption–desorption equilibrium. At given
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Fig. 1. Structure and electronic absorption spectrum of X3B in water.

ntervals of irradiation, small aliquots were withdrawn by a syringe,
nd filtered through a membrane (pore size 0.45 �m).  The concen-
ration of X3B remaining in the filtrate was then analyzed by an
itachi U-3010 spectrometer at 510 nm.

.4. Photoelectrochemical measurements

The photoelectric performances were measured on an electro-
hemical system (CHI-660B, China). A collimated light beam from
he xenon lamp with an ultraviolet cutoff filter (� ≥ 400 nm)  was
sed for excitation of the ITO/TiO2 electrode. The photoresponses of
he photocatalysts as visible light on and off were measured at 0.0 V.
o investigate the transition of photogenerated electrons, TiO2 elec-
rodes were prepared as follows: 5 mg  of as-prepared photocatalyst
as suspended in 5 mL  ethanol to produce slurry, which was  then
ip-coated onto a 2 cm × 4 cm indium-tin oxide (ITO) glass elec-
rode. The ITO/TiO2 electrode, Pt plate, and Ag/AgCl electrode were
sed as the working, counter, and reference electrodes, respec-
ively. 1.0 mol/L KOH solution was used as electrolyte solution. The
hickness of the investigated electrodes was about 1 �m.

. Result and discussion

.1. Phase structures and morphology

XRD was used to investigate the phase structure of the as-
repared cysteine modified TiO2 hollow microspheres. Fig. 2 shows

he effects of R on the phase structures of the TiO2 powders.
ll diffraction peaks of the calcined powders were indexed to
ure anatase phase of TiO2 (JPCDS Card: 86-1157, space group:

41/amd) [15,28]. It can be seen that the R slightly influences the

Fig. 3. SEM (A) and TEM (B and C) 
Fig. 2. XRD patterns of the photocatalysts.

crystallization of the TiO2 powders. With increasing R, the FWHM
of the anatase peaks are slightly broadened. Such a FWHM broaden-
ing suggests a decrease in the size for anatase crystallite (Table 1).
This is due to the presence of cysteine which prevents the growth
of nanocrystals by inhibiting the extension of Ti O Ti bridging.

The morphology of cysteine modified TiO2 hollow microspheres
was  studied by SEM and TEM. Fig. 3A shows the SEM image of R1.0
cysteine modified TiO2 hollow microspheres, from which hollow
microspheres consisted of loosely packed nanoparticles could be
clearly observed. Fig. 3B shows a typical TEM image of R1.0. The
contrast between the dark edges and plate centers further con-
firms the hollow structure of TiO2 microspheres. Fig. 3C shows the
corresponding high resolution TEM image of R1.0. It shows clear lat-
tice fringes, which allowed for the identification of crystallographic
spacing. The fringe spacing of ca. 0.35 nm matches that of the (1 0 1)
crystallographic plane of anatase TiO2 [25].

3.2. BET surface areas and pore size distributions

The porous structures and BET surface areas of as-prepared TiO2
samples were investigated based on the nitrogen sorption mea-
surement. Fig. 4 shows the nitrogen sorption isotherms and the
corresponding pore size distribution curves of R0, R1.0 and R2.0
samples. As for pure TiO2 hollow microspheres (R0), it can be seen
that the isotherm is of types IV (BDDT classification). At high-
relative pressure range from 0.7 to 1.0, the isotherm exhibits a

hysteresis loop of type H2 associated with the ink bottle pores, indi-
cating that the powders contain mesopores (2–50 nm)  [7,11,29].
The corresponding pore size distribution curve of R0 exhibits a

images of R1.0 TiO2 sample.
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Table 2
Composition (at.%) of the photocatalysts prepared before (R0) and after doped with
cysteine (R1.0 and R2.0).

Photocatalyst Composition (at.%)

O Ti C F N S

R0 50.54 26.64 20.77 0.59 0.73 0.73
ig. 4. Nitrogen adsorption–desorption isotherms and the corresponding pore size
istributions (inset) of the photocatalysts.

ide pore size distribution with the average pore diameters about
8.1 nm.

With increasing R, the adsorption isotherms of the photocata-
ysts shift upward and the hysteresis loops begin at lower relative
ressures (Fig. 4), indicating the increase in the BET specific surface
reas and decrease in average pore sizes [30]. This is consistent with
he XRD results, ascribed to the presence of cysteine prevents the
rowth of anatase TiO2 nanocrystals.

Table 1 shows the effects of R on the physical properties of the
ollow TiO2 microspheres. It can be seen that, with increasing R

rom 0 to 2.0, the BET surface area increases from 45.1 to 78.1 m2/g,
hile the average pore size decreases from 18.1 to 9.2 cm3/g. This is
ue to the decrease in the crystallite sizes of the cysteine modified
iO2 hollow microspheres.

.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) measurements are per-
ormed to further elucidate the interaction between cysteine and
iO2. Fig. 5 shows the XPS survey spectra of R0, R1.0 and R2.0 hollow

iO2 microspheres. It can be seen that R0 sample not only contains
i, O and C elements, with sharp photoelectron peaks appearing
t binding energies of 459 (Ti 2p), 530 (O 1s) and 285 eV (C 1s),
ut also contain small amount of N, S and F elements with binding
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ig. 5. XPS survey spectra of the hollow TiO2 microspheres of (a) R0, (b) R1.0 and
c)  R2.0, respectively.
R1.0 43.90 21.60 32.01 0.47 1.18 0.84
R2.0  45.17 22.09 28.93 0.39 2.20 1.22

energies of 401 (N 1s), 169 (S 2p) and 685 eV (F 1s), respectively
[31]. The composition of the photocatalysts are listed in Table 2,
from which it can be seen that the atomic ratio of Ti to O of R0
is about 2, in good agreement with the nominal atomic composi-
tion of TiO2. The peaks of nitrogen, sulfur and fluorine probably
come from the starting materials of Ti(SO4)2 and NH4F. The carbon
peak for R0 sample is attributed to adventitious hydrocarbon from
XPS instrument itself, because the starting materials do not contain
carbon element [32].

For comparison, the high-resolution XPS spectra of C 1s region
of R0 and R1.0 samples are obtained (Fig. 6A and B). It can be seen
that the C 1s region of R0 can be deconvoluted into two  peaks. The
main peak binding energy at about 285.0 eV corresponds to car-
bons of saturated hydrocarbon groups (at. 95.9%), and the small
peak with a binding energy of 289.3 eV comes from oxidized car-
bon species (at. 4.1%) [18]. On the contrary, the C 1s region of
doped R1.0 sample can be deconvoluted into 3 peaks. Besides the
2 peaks mentioned above, an obvious peak with a binding energy
of 282.1 eV was deconvoluted, which is ascribed to Ti–C bonds (at.
3.9%) [32].

Fig. 6C shows the corresponding high-resolution XPS spectra
of the N 1s region taken from R1.0 sample. The curve of the N
1s region of R1.0 can be deconvoluted into three peaks. The small
peak (399.2 eV) is attributed to the Ti–N (at. 18.7%). The other two
peaks at about 400.4 and 401.8 eV are assigned to NH3 (at. 10.7%)
and NH4

+ (at. 70.6%) adsorbed on the surface of TiO2, respectively
[23,24,32].

Fig. 6D shows the high-resolution XPS spectrum of the S 2p
region for R1.0 sample. It can be seen that the peak of S 2p con-
tains three isolated peaks at binding energies of 169.1, 166.1 and
164.9 eV, which can be attributed to the S(+VI), organic S(−II) and
Ti S, respectively. The S(+VI) is assigned to the SO4

2− ions adsorbed
on the surface of TiO2 sample, organic S(−II)  comes from the cys-
teine (C S). The peak at 164.9 eV corresponds to the Ti–S bond
due to the fact that S atoms replace O atoms in the TiO2 lattice
[23,26,32].

As expected, an additional peak at 684.6 eV (F 1s) is found in the
survey spectrum of R1.0 sample (not shown here) [31].

≡ Ti OH + HF → ≡ Ti F + H2O (1)

The F 1s binding energy peak originates from surface fluo-
ride (≡Ti F) formed by ligand exchange between F− and surface
hydroxyl groups (Eq. (1))  [33–35].  No signal for F− in the lattice of
TiO2 (binding energy of 688.5 eV) is found in all the photocatalysts
[7,36,37].

According to the above XPS results, it can be concluded that C,
N and S elements were in situ doped into the lattice of R1.0 hollow
microspheres during calcination. The composition of the detected
elements by XPS for R0, R1.0 and R2.0 samples are listed in Table 2.
It shows that the content of the N and S elements increases, while F
element decreases with increasing R. However, the content of car-
bon does increase with increase in R. This is due to the interference

of adventitious hydrocarbon from XPS instrument itself. For all the
samples, the atomic ratio of Ti to O is about 2, in good agreement
with the nominal atomic composition of TiO2.
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Fig. 6. High-resolution XPS spectra for the C 1s region of R0 (A

.4. UV–vis analysis

Usually, doping obviously influences light absorption character-
stics of TiO2 [24]. Therefore, the optical property of the undoped
nd doped hollow TiO2 microspheres were measured by UV–vis
iffuse reflectance spectra. As displayed in Fig. 7, all of these sam-
les display the typical absorption with an intense transition in
he UV region of the spectra, which is assigned to the intrinsic
and gap absorption of TiO2 due to the electron transitions from

he valence band to conduction band (O2p → Ti3d). The pure TiO2
R0) shows no absorption above its fundamental absorption edge
around 400 nm). In contrast, the absorption spectra of the cysteine

odified TiO2 samples show a enhanced absorption in the visible
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Fig. 7. UV–vis diffuse reflectance spectra of the photocatalyts.
Binding energy (eV)

s (B), N 1s (C) and S 2p (D) of R1.0 photocatalyst, respectively.

light region. Undoubtedly, these results reveal that the nonmetal
elements are indeed incorporated into the lattice of TiO2, forming
two  phase structures (doped and un-doped anatase TiO2).

3.5. Adsorption and photocatalytic activity

Photocatalytic activity tests were investigated by the degra-
dation of X3B in aqueous solution under visible light irradiation
(� ≥ 400 nm). It was accepted that adsorption of the organic
pollutant on the surface of TiO2 plays an important role on the
photocatalytic degradation [12,27,38].  Here the adsorption of X3B
on the surface of the photocatalyst was evaluated before irradi-
ation, and the results were listed in Table 1. It can be seen that
the adsorption of X3B on the surface of TiO2 hollow microspheres
increases with increasing R. When R increases from 0 to 2.0, the
amount of X3B adsorbed on the surface of TiO2 is found to increase
from 15.9 to 73.7 �mol/g. Two  reasons are responsible for the
improved adsorption of the dye. The first is due to the increase in
BET specific surface areas of the photocatalysts (Table 1). The sec-
ond is ascribed to carbonaceous species embed in the TiO2 matrix,
which may  lead to the formation of new adsorptive sites [18]. The
enhancement on the adsorption of the dye by cysteine modification
should also benefit the photocatalytic degradation of X3B.

Fig. 8A shows the degradation profiles of X3B in different con-
ditions. It can be seen that the self-degradation of X3B is negligible,
indicating the stabilization of X3B under visible light irradia-
tion. However, in the presence of the TiO2 photocatalysts, X3B
shows obvious degradation. The degradation of X3B on undoped

TiO2 under visible light irradiation can be attributed to the self-
sensitization of the dye. The kinetic data for the degradation of
X3B can be well fitted by the apparent first-order rate equation,
ln(C/C0) = kappt, where kapp is rate constant, C and C0 are the total
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oncentration of X3B at irradiation time t = 0 and t, respectively.
ig. 8B shows the effect of R on the degradation rate constant
f X3B. It can be clearly seen that the photocatalytic activity of
iO2 hollow microspheres firstly increases and then decreases with
ncreasing R. Sample of R1.0 shows the highest photocatalytic activ-
ty (0.17 min−1), which is 4.3, 6.8 and 3.3 times higher than that of
25 (0.04 min−1), undoped R0 (0.025 min−1) and cysteine modified
iO2 hollow microspheres of R2.0 (0.052 min−1), respectively. This
ndicates the prepared cysteine modified TiO2 hollow microspheres
s an effective visible-light-driven photocatalyst.

.6. Reasons for the enhancement of the visible-light driven
hotoactivity

It was reported that doped TiO2 powder consists of two  phases
un-doped and doped TiO2) [32]. Usually, the composite of two
inds of semiconductors or two phases of the same semiconduc-
or is beneficial in reducing the recombination of photo-generated
lectrons and holes and thus enhances photocatalytic activity
30,39,40].

Photoluminescence (PL) analysis is commonly used to analyze
he recombination rate of photo-generated electron-hole of TiO2.
erein, we conduct PL measurement for the pristine (R0) and cys-

eine modified TiO2 sample (R1.0 and R2.0), respectively. It can be
een that the emission spectra shapes of R0 and R1.0 are similar and
here are five main peaks (Fig. 9). The strong peak at about 397 nm

s attributed to the emission of band gap transition, and the other
our small peaks, ranging from 440 to 500 nm, are attributed to
urface oxygen vacancies and defects [41]. When compared with
ure TiO2 (R0), the intensity of PL signal for R1.0 is much lower.
Wavelength (nm)

Fig. 9. PL spectra of the samples.

This is due to the reduction of the radiative recombination process,
that is, the lower the recombination, the weaker the PL signals are.
So, it is understandable that cysteine modified R1.0 shows superior
photocatalytic activity than pure TiO2 (R0).

However, the PL signal peak at about 397 nm is negligible for
R2.0 sample. This is due to the light filter effect or PL quenching
effect by surface carbon species. Most of the light are adsorbed by
surface carbon species (Fig. 7), and some of the generated photolu-
minescence can also be absorbed by surface carbon species when
TiO2 hollow spheres is modified large amount of cysteine. There-
fore, R2.0 shows lower photocatalytic activity than R1.0 sample.

The value of photocurrent can indirectly reflect the semicon-
ductor’s ability of generating and transferring of photo-generated
charge carriers under irradiation [40,42].  The photocurrent
response of three typical TiO2 samples (R0, R1.0 and R2.0) was fur-
ther tested in several on–off cycles (Fig. 10). A prompt generation
of photocurrents are observed and with good reproducibility when
the ITO/TiO2 electrodes are illuminated. While the lamp is off, the
value of photocurrent for all the ITO/TiO2 samples are instanta-
neously close to zero. It can be clearly seen that the photocurrent
value increases as follows: R0 < R2.0 < R1.0. The photocatalytic
activity of TiO2 is highly related to the number of the separated
photo-generated charge carriers [40]. So it can be deduced that the
1086420
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Fig. 10. Photocurrent response of the photocatalysts.
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. Conclusions
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